Introduction
Secondary cell walls constitute the major form of biomass produced by plants and represent a material which provides an important source of renewable and sustainable energy. The major components of the secondary cell wall are the polysaccharides cellulose and hemicellulose together with the more complex lignin polymer which is made up of phenylpropanoid subunits. Although considerable understanding has been gained about the enzymes required for cellulose and lignin synthesis (Boerjan et al., 2003; Scheible and Pauly, 2004; Lerouxel et al., 2006; Somerville, 2006) , little is currently understood about hemicellulose. Although the plant cell wall represents a rich source of stored energy in the form of polysaccharides, the presence of lignin and hemicellulose in the secondary cell wall reduces the accessibility of cellulases to cellulose and hence negatively affects the net energy yield from plant biomass. One potential route to improve the energy yield is to alter the cell wall structure or composition via modulation of hemicellulose biosynthesis. It has been found that downregulation of the poplar PoGT47C gene which is a homolog of the Arabidopsis FRAGILE FIBER 8 (FRA8) can lead to an increase in the saccharification yield from woody material (Lee et al., 2009b) .
Glucuronoxylan (GX) represents the predominant form of xylan in plant secondary cell walls and is comprised of a linear backbone of β (1-4)-linked xylose (Xyl) subunits with α -linked side branches of glucuronic acid (GlcUA) and 4-O-methyl glucuronic acid (Me-GlcUA). The xylose residues can also be substituted with arabinosyl or acetyl groups (Ebringerova and Heinze, 2000) . Analysis of xylan isolated from Arabidopsis thaliana indicates that only GlcUA and Me-GlcUA side branches are present (Peña et al., 2007) , and that they occur on average once every eight Xyl residues (Brown et al., 2007) .
In addition, a tetrasaccharide sequence, β -D-Xyl-(1,4)-β-D-Xyl-(1,3)-α-l-Rha-(1,2)-α-d-GalUA-(1,4)-D-Xyl (where Rha and GalUA are rhamnose and galacturonic acid, respectively) is found at the reducing end of the xylan chain. This tetrasaccharide is conserved in a range of plant species, suggesting that it plays an important role either in the synthesis or function of the xylan (Andersson et al., 1983; Johansson and Samuelson, 1977; Peña et al., 2007) . Several genes encoding enzymes which appear to be required for xylan synthesis have been identified either via analysis of Arabidopsis mutants which display collapsed xylem vessels in stem tissues (Turner and Somerville, 1997) or by gene identification using transcriptomic based approaches (Brown et al., 2005; Persson et al., 2005) .
The genes identified include members of the GT47 (FRA8/IRX7 and IRX10), GT43 (IRX9 and IRX14) and GT8 families (IRX8, and PARVUS) of glycosyltransferases (Bauer et al., 2006; Brown et al., 2007 Brown et al., , 2009 ; Lee et al., 2007b; Peña et al., 2007; Persson et al., 2007a; Wu et al., 2009; Zhong et al., 2005) .
Analysis of mutants in each of these genes indicates that IRX9, IRX10 and IRX14 encode enzymes which function as xylosyltransferases in the synthesis of the β -1-4-xylan backbone while IRX8, FRA8 6 and PARVUS appear to be involved in synthesis of the reducing end tetrasaccharide structure (Bauer et al., 2006; Brown et al., 2007; Lee et al., 2007a; Peña et al., 2007) . Additionally, it has been shown that the poplar homolog of IRX9, PoGT43B, can complement the Arabidopsis irx9 mutant and that it is specifically expressed in the secondary xylem in wood (Zhou et al., 2007) , supporting a role for PoGT43B during xylan biosynthesis in poplar wood. Similar results have also been found for two poplar homologs of the PARVUS gene which are able to complement the Arabidopsis parvus mutant (Kong et al., 2009) . However, to date there have been no direct demonstrations of enzyme activity for any of the enzymes, leaving their specific functions open to question.
Although genes which putatively function in different phases of GX synthesis have now been identified, there is little understood about the biosynthesis mechanism. One possibility is that the β -1-4-xylan backbone is synthesised first and the reducing end tetrasaccharide added subsequently to terminate chain elongation. Alternatively the reducing end tetrasaccharide could act as a primer for elongation of the xylan backbone via addition of xylose residues at the non-reducing end (York and O'Neill 2008) . Currently available data supports the first model as it has been found from NMR analysis of xylan isolated from the irx8 and fra8 mutants that β -1-4-xylan chains can be made which apparently lack the reducing end tetrasaccharide (Peña et al., 2007) . Furthermore, the irx9, irx10 and irx14 mutants have a reduced backbone length but retain the reducing end tetrasaccharide. Attempts to demonstrate xylosyltransferase activity for IRX9 by heterologous expression in yeast were not successful leading to the suggestion that multiple-subunit enzyme complexes may function in GX synthesis (Peña et al., 2007; Brown et al., 2007, York and O'Neill 2008) . These models cannot be fully substantiated until the full complement of necessary synthesis enzymes is identified and a functional assay is established.
Recently, two independent studies have identified IRX10-L as a homolog of the Arabidopsis IRX10
gene (Wu et al., 2009; Brown et al., 2009) . Double mutants between irx10 and irx10-L displayed a strongly enhanced phenotype suggesting functional redundancy between these genes. A similar finding was also made for FRA8 and its paralog F8H (Lee et al., 2009a) . Analysis of the double mutant combinations has greatly improved our understanding of the importance of xylan synthesis for the secondary cell wall development.
This study aimed to gain a better understanding about the respective functions and interactions of the complete set of genes which function in GX biosynthesis by initially characterising the IRX9-L and consequences for the structure and function of the secondary cell wall. Additional analysis of the fra8 and f8h mutants questions whether their sole function is synthesis of the GX reducing end tetrasaccharide, raising new questions that need to be addressed in hemicellulose synthesis is to be understood fully.
Results

Duplication of the glucuronoxylan biosynthesis machinery in Arabidopsis
The partial functional redundancy exhibited by the IRX10/IRX10-L and FRA8/F8H gene pairs (Wu et al., 2009; Brown et al., 2009; Lee et al., 2009a) from the GT47 subfamily I (Zhong and Ye 2003; Fig.   S1 ) has highlighted the importance of studying both single and double mutant combinations in order to gain a complete understanding of the enzyme function. To establish whether homologs also exist for other putative GX synthesis enzymes, full length IRX9 and IRX14 sequences were used to BlastP search against the Arabidopsis protein database. A single closely related sequence exists for IRX14 encoded by At5g67230 (IRX14-L) which displays 72% amino acid sequence identity and 83% similarity. The closest IRX9-related sequence is encoded by At1g27600 (IRX9-L) and exhibits 44% sequence identity and 64% similarity with IRX9. The IRX9, IRX9-L, IRX14 and IRX14-L genes belong to the glycosyltransferase 43 family (GT43; http://www.cazy.org/fam/GT43.html), which has members from vertebrates, invertebrates, and plants and is defined by a conserved GlcAT domain (FondeurGelinotte et al., 2006) . A phylogenetic tree including sequences from rice, Medicago truncatulata, poplar, rice and Arabidopsis places IRX14 and IRX14-L together in a sub-branch separate from IRX9 and IRX9-L (Fig. S2) .
Homologous pairs of genes encoding putative GX synthesis enzymes show partial functional redundancy and dosage dependency.
Two T-DNA insertion alleles were isolated for irx9 within exon 1 (Salk_058238; irx9-1) and exon 2 (Salk_057033; irx9-2) and two for irx9-L located in close proximity within intron 1 (Salk_037323; irx9-L1 and Salk_037330; irx9-L2) (Fig. 1A) . RT-PCR showed that there was no detectable message for either the irx9-L1 or irx9 alleles (Fig. S3 ). Single T-DNA insertion alleles were isolated for irx14 in exon 1 (Salk_038212) and for irx14-L in exon 2 (Salk_066961) (Fig. 1C) . Both irx9 single mutant alleles displayed reduced stature in four-week-old plants grown on soil, although under our conditions the phenotype was somewhat weaker than previously reported (Brown et al., 2005) . The irx9-L1 and irx9-L2 alleles in contrast appeared similar to wild-type ( Fig. 1B ; data not shown for irx9-L2). Neither the irx14 nor the irx14-L alleles displayed a visible phenotype ( Fig. 1D (Brown et al., 2007) . To test for genetic redundancy, crosses were made to create the irx9-1 irx9-L2, irx9-2 irx9-L1 and irx14 irx14-L double mutant combinations. All double mutants exhibited a stunted growth habit, forming a small rosette with reduced leaf size which did not form an inflorescence stem after six weeks ( Fig. 1B, 1D ; Table S1 ) reminiscent of the phenotypes shown by irx10 irx10-L (Wu et al., 2009 , Brown et al., 2009 ) and fra8 f8h (Lee et al., 2009a) . Since both irx9 irx9-L combinations showed similar phenotypes, subsequent work used the irx9-2 and irx9-L1 alleles.
Both the irx9 irx9-L/+ and irx14 irx14-L/+ combinations exhibited an intermediate phenotype similar to previously described irx10 irx10-L/+ plants (Wu et al., 2009; Brown et al., 2009) . In contrast irx9/+ irx9-L and irx14/+ irx14-L combinations appeared similar to the wild-type (Fig. 1B, D ; Table S1 ). To establish whether fra8 f8h/+ or fra8/+ f8h plants also exhibited an intermediate phenotype, T-DNA insertion alleles were identified for FRA8 (Salk120296) and F8H (f8h1, GK-052G08 and f8h2, GK-298C10) (Fig. 1E ). The single mutants were crossed and homozygotes selected in the F2 generation. In agreement with previous findings, both of the fra8 f8h double mutant combinations showed a reduced growth habit (Lee et al., 2009a; Fig. 1F Fig. 1F ; Table S1 ).
Double mutants between homologous pairs of putative GX synthesis genes show defects in secondary cell wall formation.
The effect of the irx9 irx9-L and irx14 irx14-L mutant combinations on secondary cell wall formation and xylem vessel morphology was examined in transverse sections taken from the basal region of the stem. The fra8 f8h double mutant was also examined as previous work has focussed on root and petiole tissues (Lee et al., 2009a) . Each of the double mutants exhibited little if any evidence of secondary cell wall formation in either the xylem or interfascicular regions and xylem vessels were collapsed and misshapen ( Fig.2 F1, F2 , L1, L2, R1, R2). The cell wall diameter of interfascicular fibers and xylem vessels was significantly reduced compared to the wild-type for all of the double mutants (Table S2 ).
The irx9 irx9-L/+, irx14 irx14-L/+ and fra8 f8h/+ combinations also had reduced secondary cell wall diameters compared to the wild-type and had collapsed xylem vessels ( Fig.2 E1 , E2, K1, K2, Q1, Q2; Table S2 ). In contrast, the irx9-L, irx14-L, f8h, irx9/+ irx9-L, irx14/+ irx14-L and fra8/+ f8h stem sections all appeared similar to the wild-type with similar cell wall diameters ( Fig. 2 B1 , B2, D1, D2, H1, H2, J1, J2, N1, N2, P1, P2; Table S2 ). The irx9, irx14 and fra8 single mutants all displayed collapsed xylem vessels as previously reported (Fig. 2 C1 , I1, O1) (Peña et al., 2007; Brown et al., 2007; Zhong et al., 2005) . complemented the fra8 f8h and fra8 mutants (Fig. 4C, S5F, G) . Similarly, expression of IRX10-L under control of the 35S CaMV promoter rescued the irx10 single mutant phenotype (Fig. S6 ).
Attempts to rescue the irx9 irx9-L double mutant with 35S:IRX10, 35S:IRX14 or 35S:FRA8 did not result in complementation (Fig. 4D) . Similarly, expressing IRX9, IRX10 or FRA8 in the irx14 irx14-L double mutant or IRX9, IRX14 or FRA8 in the irx10 irx10-L double mutant background did not rescue the mutant phenotypes (data not shown). Thus despite IRX9, IRX10 and IRX14 genes all encoding enzymes proposed to function in xylan backbone elongation, they are not functionally interchangeable.
To establish whether the intermediate phenotype of the fra8 f8h/+ plants is due to a difference in the activity of the two proteins or differences in expression patterns, promoter swap constructs were made and introduced into the fra8 f8h double mutant. Expression of pFRA8:FRA8 rescued the fra8 f8h double mutant but both proF8H:F8H and proFRA8:F8H showed only a weak partial rescue (Fig. 5 ).
These results indicate that FRA8 is functionally more important than F8H.
The GX synthesis machinery can be divided into sets of "major function" and "minor function" genes. 
combinations between one major gene and one minor gene, showed the same phenotype as the corresponding single mutant in the major gene ( Fig. S7A-G ). An additive effect on silique development was found for the irx10 f8h, fra8 irx10-L, fra8 irx9-L and irx9 f8h double mutant combinations in comparison to the fra8 or irx9 single mutants (Fig. S7I and data not shown).
Reduced cell wall xylose content correlates with the severity of the mutant phenotypes.
The xylose compositions of the non-cellulosic carbohydrate fraction isolated from stem material of the irx9 irx9-L, irx14 irx14-L and fra8 f8h double mutants and each of the single mutants were determined using gas chromatography of alditol acetates. In agreement with previously published results, the irx9, irx14 and fra8 single mutants had a 50% or greater reduction in xylose content compared to the wildtype (Brown et al., 2007;  Fig. S8 ) whereas irx9-L, irx14-L and f8h mutants showed a reduction of about 20%. The xylose content of irx9 irx9-L, irx14 irx14-L and fra8 f8h double mutants was reduced by around 85% compared to wild-type (Fig.S8) , a value that is similar to that found for (Fig. 1B, 1D; Fig.7A,G,D) . The amount of xylan in irx9 irx9-L and fra8 f8h double mutants was significantly reduced compared to the respective single mutants though it was still possible to detect the 4-O-Me-GlcUA signal (Fig. 7C,F) . However, there was no detectable xylan in the irx14 irx14-L double mutant sample as previously found for irx10 irx10-L stems (Wu et al., 2009 and Fig. 7J ).
The anti-xylan LM10 monoclonal antibody (McCartney et al., 2005) was used to determine whether the different single and double mutant combinations affected the xylan distribution or abundance. The biggest changes were seen in the irx14 irx14-L double mutant, the fra8, fra8 f8h/+ and fra8 f8h combinations with either a strong reduction or absence of a signal (Fig. 8J,L,M,N) . In contrast the single and double mutant combinations of irx9 and irx9-L all retained a strong LM10 signal though the irx9 irx9-L double mutant had a reduced intensity and lacked a signal in the xylem cells (Fig. 8C-F) .
The possibility that reduced signals are due to access of the antibody being affected in the mutants cannot be discounted. Size exclusion chromatography (SEC) analysis was performed on xylan isolated from stem material of the irx9 irx9-L, irx14 irx14-L/+ and fra8 f8h double mutant combinations to test whether the degree of backbone polymerisation was altered. Following digestion with xylanase only short oligosaccharides with a similar size distribution of less than 10 4 g -1 mol -1 were present in all samples confirming that the preparations were comprised predominantly of xylan. Prior to digestion, the wild-type xylan size was 10 5 g -1 mol -1 or larger (Fig. 9A) . In contrast, the major xylan peaks isolated from the irx9 irx9-L, irx14
irx14-L/+ and fra8 f8h double mutants showed a greater than 10-fold reduction in size compared to the wild-type (Fig. 9B,C,D) demonstrating that polymerisation of the β -1-4-xylan backbone was affected.
DISCUSSION
IRX9 and IRX14 and their homologs play critical roles during GX synthesis in Arabidopsis.
Despite the fact that xylan constitutes up to 30% of the secondary cell wall biomass, relatively little is understood about how this polymer is synthesised. Although a number of genes have been identified which are proposed to function in synthesising either the xylan backbone or the reducing-end tetrasaccharide, the lack of a working assay to demonstrate the function of the enzymes has hindered progress.
Our present study demonstrates that both IRX9 and IRX14 have functional homologs which result in partial redundancy in irx9 and irx14 single mutants. This places new emphasis on the roles of the pairs of enzymes during GX synthesis. The phenotypes of the irx9 irx9-L and irx14 irx14-L double mutants are similar to those previously described for irx10 irx10-L and fra8 f8h supporting the conclusion that they function in a common pathway or in synthesis of the same polymer. It is apparent that xylan synthesis is not abolished in the irx9 irx9-L double mutant (Fig. 7A -C, 8C-F) although the degree of backbone polymerisation is greatly reduced (Fig. 9C) . This indicates that, IRX9/IRX9-L activity may not be absolutely required for GX synthesis. In contrast, it was not possible to isolate xylan from either irx14 irx14-L (Fig. 7J) or irx10 irx10-L stem tissues (Wu et al., 2009) or to detect it using the LM10 antibody ( Fig. 8J) , demonstrating that these pairs of genes play a critical and indispensable role. 
What role do FRA8 and F8H play in xylan backbone elongation?
Although proposed mechanisms for GX synthesis remain hypothetical at present, it has been suggested that formation of the reducing-end tetrasaccharide plays a role in regulating the degree of polymerisation of the xylan backbone. This conclusion was based on the observation that fra8 and irx8 single mutants had increased xylan backbone lengths coupled with an apparent loss of the reducing end tetrasaccharide. However, it is now apparent that the fra8 mutant retains F8H activity making interpretation of the single mutant data more difficult (Lee et al., 2009a) . Work describing identification of F8H did not analyse xylan from the fra8 f8h double mutant but by growing fra8 f8h plants under a clear plastic cover it has been possible to obtain sufficient stem material to perform the analysis. Surprisingly, although fra8 single mutants displayed an increase in xylan backbone polymerisation (Peña et al., 2007) , the fra8 f8h double mutant only formed very short xylan chains (Fig.9B) . This implies that, contrary to conclusions based on the fra8 single mutant analysis, FRA8 / F8H function is critical in some aspect of xylan chain elongation other than, or in addition to, the proposed function in regulating the degree of backbone polymerisation indirectly via synthesis of the reducing end tetrasaccharide (Peña et al., 2007) . It will be informative to establish whether FRA8 and/or F8H form a functional interaction with other GX synthesis enzymes and the precise activity of the individual enzymes or complex. 14 additive phenotypes (Wu and Marchant, unpub. results) . Thus, existence of major and minor function pairs of genes involved in GX synthesis does not extend to IRX8.
Xylan biosynthesis genes can be divided into major and minor-function sets
It is thought that
The reason for persistence in the genome of closely related pairs of genes encoding proteins with partially redundant function in GX synthesis is currently unclear. Although the catalytic functions of the related genes are likely to be similar or the same, their respective roles during development are distinct. This is evidenced by the intermediate phenotypes shown by the homozygous/heterozygous combinations of major and minor gene pairs ( Fig.1; Wu et al., 2009; Brown et al., 2009 ) and the ability of the minor function genes to complement the double mutant when overexpressed. This has allowed a simple mechanism to be proposed whereby the set of major function genes provide the predominant enzymatic activity required for GX synthesis. However, mutation of any one of the genes from the major function set can be compensated for by the homologous gene from the minor function set. It is possible that the rate of GX synthesis or degree of backbone polymerisation could be modulated by substitution of major function genes with the minor function homologs. This mechanism is speculative at present in the absence of a functional assay and demonstration of the formation of a complex of GX synthesis enzymes but does provide the basis for future work leading to strategies to modify GX synthesis in planta.
Materials and methods
Plant growth conditions
Arabidopsis seed sterilization, growth condition, medium and resistance screening were carried out as previously described (Wu et al., 2009) . In brief, seed was surface sterilized (Forsthoefel et al., 1992) and sown in vitro on 1×MS medium, 1% sucrose and 0.8% plant agar (Duchefa, Haarlem, Netherlands), buffered to pH 5.8 with 0.5 M KOH. The seeds on plates were incubated at 4°C for 48 h prior to germination under a 16-h light/8-h dark cycle. Soil-grown plants were maintained in controlled growth rooms with a light intensity of 120 μ mol m −2 s −1 at 23°C under a 16 h light period.
Isolation of mutants
All T-DNA insertion lines were obtained from the Nottingham Arabidopsis Stock Center (NASC) and were as follows: SALK_120296 (fra8, first exon), GABI 052G08 (f8h-1, first exon), GABI 298C10 (f8h-2, third exon), SALK_058238 (irx9-1, first exon), SALK_057033 (irx9-2, second exon), SALK_037323 (irx9-L-1, first intron), SALK_037330 (irx9-L-2, first intron), SALK_038212 (irx14, first exon), SALK_066961(irx14-L, second exon). PCR was performed using gene specific primers designed to anneal 5' and 3' to the T-DNA insertion site together with insert specific primers (primers www.plantphysiol.org on January 6, 2018 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved.
listed in Supplementary table 3). All mutant T-DNA insertion lines and the wild-type were in the Columbia ecotype.
GUS staining and YFP-NLS fluorescence
Promoter fragments of 2.5, 2.5, 2.0, 1.4, 2.8 and 1.5 kb upstream of the ATG start codons of FRA8, F8H, IRX9, IRX9-L, IRX14 and IRX14-L, respectively, were amplified by PCR using GATEWAYcompatible primers (Supplementary Table 3 ). The promoter fragments were cloned into the pDONR207 vector, sequenced and then recombined into either pGWB3 (Nakagawa et al., 2007) to create promoter:GUS constructs or pBGYN YFP-NLS (Kubo et al., 2005) to create promoter:YFP-NLS binary vectors according to the manufacturer's instructions (Invitrogen, Paisley, UK). Finally, constructs were transformed into wild-type Arabidopsis using the floral-dip procedure (Clough and Bent, 1998) and transgenic plants selected on MS agar plates containing 50 μg/ml kanamycin. Tissues were stained for GUS activity by incubating in staining solution (100 mM sodium phosphate, pH 7.0, 10 mM EDTA, 0.5 mM ferricyanide, 0.5 mM ferrocyanide and 1 mM 5-bromo-4-chloro-3-indolyl β -Dglucuronic acid) at 37 °C for up to 12 h. Tissues were cleared in 70% ethanol, and were examined using a light microscope. YFP-NLS expressing seedlings (1 week old) were mounted in microtubulestabilizing buffer (MTSB: 50mM Pipes, 5mM EGTA, 5mM MgSO4 (PH 7.0)) (Lauber et al., 1997) and the YFP fluorescence was observed using a Zeiss LSM510 confocal microscope.
Sectioning of stems
Segments were cut from the basal third of stems of 6-week-old soil-grown plants and immediately fixed in buffer [1.6% (v/v) paraformaldehyde and 0.2% (w/v) glutaraldehyde in 25 mM sodium phosphate, pH 7.2]. Sections (50 μ m) were cut using a Leica VT1000S vibratome using a 3% agarose as support. The sections were stained for 1-2 min in 0.02% Toluidine blue O (Sigma-Aldrich, Steinheim, Germany), rinsed in water and then mounted in 50% glycerol before observing using a light microscope (Axioplan 2 microscope equipped with Axiovision software (Zeiss).
Complementation
The gene sequence incorporating the region from the ATG start codon to the stop codon were amplified by PCR using gene specific gateway compatible primers (Supplementary Table 3 mutant combinations using the floral dip procedure (Clough and Bent 1998). Transgenic plants were selected by spraying 120 mg/L BASTA solution onto one-week-old seedlings in soil. Transformed seedlings were genotyped using gene specific primers 5' and 3' to the T-DNA insertion site to identify those carrying the transgene in an otherwise double mutant background.
Analysis of the sugar composition of the cell wall
Stem samples were collected from six-week-old plants except in the case of double mutants where plants were grown for nine weeks, and put into 80% ethanol before freeze-drying. The material was treated and fractionated and the sugar composition of AIR (alcohol-insoluble residues) were analysed using alditol acetate derivatives as described previously (Englyst & Cummings 1984) 
GX extraction and analysis
Stems were heated at 70°C for 30 min in 70% (v/v) ethanol. The samples were ground into fine powder in a Potter homogenizer. Then the samples were extracted and analysis by mass spectrometry performed as described previously (Wu et al., 2009 ).
High pressure size exclusion chromatography (HPSEC)
The determination of the average molecular weight and molecular weight distribution were performed by coupling a high pressure size exclusion chromatography column ( Before injection, the samples were dissolved in 0.1 M LiNO 3 containing 0.02% NaN 3 at a 2 gL -1 concentration and filtered on a 0.45 µm membrane (Millipore, Watford, UK).
Xylan immunolocalisation
The basal regions of inflorescence stems were collected from 6-week-old plants, except in the case of double mutants where 8 week old plants were used. All samples were fixed overnight at 4 °C using 2% glutaraldehyde in PBS (0.5 M Na 2 HPO 4 /NaH 2 PO 4 , pH 7.2). Tissues were embedded in 3% agarose, and 40-μm-thick sections cut using a vibratome (Leica Microsystems) and used for immunolocalisations (Freshour et al., 1996 (Freshour et al., , 2003 Wu et al., 2009 ). Mass spectrometry of acidic endoxylanase-generated glucuronoxylan (GX) fragments isolated from Phylogenetic relationship between the Arabidopsis IRX9, IRX9-L, IRX14, IRX14-L proteins, homologs from rice, poplar and cotton and the animal GlcAT-I, GlcAT-P, GlcAT-S proteins. The tree was made using the MEGA programme. Cell wall xylose composition of stems of wild-type, irx9-L, irx14-L, f8h, irx9, irx14, fra8, irx7, irx9 irx9-L, irx14 irx14-L, fra8 f8h and irx10 irx10-L. Standard error bars are shown (n=3).
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